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COMBINED LASER SPIROMETER MOTION 
TRACKING SYSTEM FOR RADIOTHERAPY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional application 60/478,584 ?led Jun. 13, 2003 Which is 
hereby incorporated by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] - - - 

BACKGROUND OF THE INVENTION 

[0003] The present invention relates to respiration sensing 
equipment and in particular to a respiration sensing device 
suitable for monitoring respiration during radiation therapy 
during breath-hold protocols and synchroniZed breathing 
protocols. 

[0004] Accurate monitoring of a patient’s breathing can be 
important in a Wide variety of medical applications. In 
imaging, an accurate knoWledge or respiration phase may be 
used to properly assemble X-ray tomographic or magnetic 
resonance imaging components acquired during breathing 
into an image free of image artifacts. In radiation therapy, 
accurate knoWledge of respiration phase may be used to 
steer or limit the radiation beam to accurately apply radia 
tion to the correct tissue. In a neW radiation treatment 
delivery described in co-pending application ?led on 
even date hereWith and hereby incorporated by reference, 
accurate knoWledge of the respiration phase is used to 
synchroniZe the treatment plan phase and respiration phase 
alloWing continuous breathing by the patient during treat 
ment to produce an imaging and radiation treatment. 

[0005] Current systems for monitoring respiratory motion 
include: (1) chest displacement sensors that track the surface 
of the abdomen by measuring the position of a re?ective 
marker on the chest With a ?Xed camera or by measuring the 
distance from a ?Xed point to the surface of the abdomen 
using a laser-based distance sensor, (2) spirometers measur 
ing air ?oW into and out of the patient’s lungs, and (3) 
internal markers placed on tissue of interest and monitored 
using X-rays, magnetic ?elds, or the like. 

[0006] Although invasive internal markers provide the 
most reliable method of target position tracking, convenient 
non-invasive chest displacement or How measurement 
spirometers are Widely used in a radiotherapy clinic. Yet, 
these latter systems have signi?cant disadvantages. Chest 
displacement systems are strongly affected by variations in 
set-up. Radiation treatment can eXtend over many sessions 
so it is not easy to reproduce the same measurements over 
the entire course of treatment. Spirometer systems measure 
air ?oW only and this signal must be integrated to obtain air 
volume as a function of time such as provides a measure of 
respiration. Slight errors in How measurement accumulate in 
time and cause signal drift. Generally, spirometers exhibit a 
nonlinear response to air ?oW. 

[0007] When the respiration signal is used for determining 
precise positioning of tissue for imaging or radiation treat 
ment, set-up sensitivity and drift are signi?cant problems. 
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SUMMARY OF THE INVENTION 

[0008] In the present invention, a spirometer is connected 
to the patient With a mouth piece and a laser displacement 
sensor is used to measure abdomen surface position. A 
computer collects the signals. TWo Working modes are 
possible. In spirometer mode, the spirometer signal drift is 
corrected periodically by the laser. In laser mode, the 
correlation of a spirometer signal and a laser signal is ?rst 
obtained and then used to calibrate the laser displacement 
reading into volume reading. 

[0009] Speci?cally, the present invention provides a res 
piration monitor having a spirometer adapted to receive air 
?oW from a patient’s lungs With breathing to provide an air 
?oW signal and a chest displacement sensor adapted to 
monitor displacement of the patient’s chest With breathing to 
provide a chest displacement signal. A calibration circuit 
receiving the air ?oW signal and the chest displacement 
signal provides a corrected respiration signal combining 
information from both the air ?oW signal and the chest 
displacement signal. 
[0010] Thus it is one object of the invention to provide a 
high quality non-invasive respiration monitor that avoids the 
draWbacks to chest displacement sensors and spirometers 
alone. 

[0011] The calibration circuit may include an integrator 
receiving the air ?oW signal to produce a lung volume 
signal; and a baseline corrector receiving the lung volume 
signal and the chest displacement signal to correct an 
integration offset of the lung volume signal to produce the 
corrected respiration signal based on the chest displacement 
signal. 

[0012] Thus it is another object of the invention to correct 
for integrator drift in a spirometer such as prevents the 
respiration signal from accurately indicating tissue position 
over time. 

[0013] The correction of integration offset may occur 
periodically at a predetermined phase of respiration by 
setting the lung volume signal equal to a stored calibration 
value. 

[0014] Thus it is another object of the invention to provide 
regular corrections that avoid accumulation of signi?cant 
error. 

[0015] The calibration value is a previous value of the 
lung volume signal at the predetermined phase. 

[0016] Thus it is another object of the invention to provide 
a simple source of a correction value. 

[0017] In an alternative embodiment, the calibration cir 
cuit may include an integrator receiving the air ?oW signal 
to produce a lung volume signal; and a model of the 
relationship betWeen lung volume and chest displacement 
signal, the model receiving the chest displacement signal to 
provide a lung volume signal as the corrected respiration 
signal. 

[0018] Thus it is another object of the invention to provide 
a simple calibration of the chest displacement signal that 
corrects for set-up variations. 

[0019] The model may be a linear function relating chest 
displacement signal to lung volume such as a multiplier 
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multiplying the chest displacement signal by a factor deter 
mined from a correlation betWeen the lung volume signal 
and the chest displacement signal to produce the corrected 
respiration signal. Alternatively, the model may be a non 
linear function relating chest displacement signal to lung 
volume such as may be implemented in a lookup table 
recording a relationship betWeen lung volume and chest 
displacement for at least one cycle of breathing, the lookup 
table receiving chest displacement signal to output the 
corrected respiration signal. 

[0020] Thus it is another object of the invention to provide 
a range of correction techniques providing for ?exible 
implementation of a correction to the chest displacement 
signal. 

[0021] The model may provide a different functional rela 
tionship betWeen chest displacement signal and lung volume 
during inspiration and exhalation. 

[0022] Thus it is another object of the invention to correct 
for hysteresis present in the chest displacement signal. 

[0023] The model detects a breath-hold from the chest 
displacement signal and hold the corrected respiration signal 
constant until an end of the breath-hold. 

[0024] Thus, it is another object of the invention to pro 
vide a method for correcting chest displacement signal drift 
during breath-holds When a breath-hold treatment technique 
is used. 

[0025] The invention may be used With a controllable 
radiation source receiving the corrected respiration signal to 
control radiation delivered to a patient according to the 
respiration signal. Alternatively, the invention may be used 
With an imager receiving the corrected respiration signal and 
acquiring component image signals from a patient over 
different phases of respiration, and mathematically combin 
ing the component image signals according to phases of 
respiration When the component image signals Were 
acquired to produce a composite image. 

[0026] It is therefore another object of the invention to 
enable improved radiation treatment or imaging of moving 
tissue by providing a respiration signal that provides 
improved indication of tissue position, not just respiration 
phase. 

[0027] The respiration monitor may further includes a 
patient display displaying the corrected respiration signal to 
the patient. 

[0028] Thus it is another object of the invention to provide 
a respiration signal that can be presented to a patient for 
control of his or her breathing. 

[0029] These particular objects and advantages may apply 
to only some embodiments falling Within the claims and thus 
do not de?ne the scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] FIG. 1 is a block diagram of a laser-spirometer 
combined system shoWing a laser producing a chest dis 
placement signal and spirometer producing a lung volume 
signal for respiration measurement and a patient positioned 
to radiation therapy treatment; 
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[0031] FIG. 2 is a graph of a typical spirometer lung 
volume signal during both regular breathing and a breath 
hold shoWing drift in the signal; 

[0032] FIG. 3 is a graph of a typical laser chest displace 
ment signal shoWing a chest contraction at the beginning of 
a breath-hold; 

[0033] FIG. 4 is a graph of the lung volume signal versus 
the chest displacement signal shoWing their correlation and 
hysteresis; 

[0034] FIG. 5 is a block diagram of the processing of the 
lung volume signal and chest displacement signal of FIG. 1 
to modify the chest displacement signal to produce a cor 
rected respiration signal; 

[0035] FIG. 6 shoWs a breath-hold detection system that 
may be used With the processing of FIG. 5 to further correct 
the chest displacement signal; 

[0036] FIG. 7 is a block diagram similar to FIG. 5 of the 
processing of the lung volume signal and chest displacement 
signal of FIG. 1 to modify the lung volume signal to produce 
a corrected respiration signal; 

[0037] FIG. 8 is a plot of the lung volume signal of FIG. 
7 as corrected to produce the corrected respiration signal; 

[0038] FIG. 9 is a block diagram of a visual feedback 
system that may be used in the system of FIG. 1 providing 
a corrected respiration signal and a breathing pattern signal 
to the patient; 

[0039] FIG. 10 is a simpli?ed representation of the dis 
play of the visual feedback system of FIG. 9; 

[0040] FIG. 11 is a How chart of the steps employed in the 
present invention to generate a treatment plan for the system 
of FIG. 1 that is corrected for lung motion; 

[0041] FIG. 12 is a cross-section through a lung of a 
patient during three stages of the breathing cycle shoWing 
generation of a solid model in the lung at a full expiration 
stage of breathing; 

[0042] FIG. 13 is a block diagram of the treatment plan 
ning system used With intensity modulated radiation therapy 
and suitable for use With the present invention; 

[0043] FIGS. 14 and 15 shoW one method of modi?cation 
of the dose calculation used in the treatment planning system 
of FIG. 13 to accommodate lung expansion by modeling 
curved radiation beams; 

[0044] FIG. 16 is a How chart of the radiation therapy 
process using the treatment plan generated according to the 
present invention and breathing control using the corrected 
respiration signal of the present invention; 

[0045] FIG. 17 is a diagram of the motion of the radiation 
source of the system of claim 1 shoWing synchroniZation of 
the patient’s breathing With the standard breathing pattern of 
the treatment plan; 

[0046] FIG. 18 is a diagram shoWing a patient using a 
training system per the present invention; and 

[0047] FIG. 19 is a block diagram of the components of 
the training system of FIG. 18. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

System Architecture 

[0048] Referring noW to FIG. 1, an intensity modulated 
radiation therapy (IMRT) system 10 suitable for use With the 
present invention provides a radiation source 12. As is 
understood in the art in a second generation IMRT, the 
radiation source 12 is a fan beam and may orbit around a 
patient 14 in a rotational plane parallel to the plane of the fan 
beam and perpendicular to the plane of the ?gure transmit 
ting a multi-beamlet radiation beam 16 through the patient 
14 to be received by a detector device 18 and/or a radiation 
stop. The radiation source 12 may be supported for such 
rotation on a gantry (not shoWn). 

[0049] In a ?rst generation IMRT system, the radiation 
source is a cone beam also positionable about the patient 14, 
typically to a feW selected angles (6-10). 

[0050] The fan or cone beams are intensity modulated to 
achieve the best dose distribution according to a physician’s 
prescription. 
[0051] The system shoWn is also representative of a tomo 
graphic imaging system in Which case the radiation source 
12 is not modulated and the detector device collects projec 
tion images to be mathematically combined in a tomo 
graphic image according to methods Well knoWn in the art. 

[0052] The patient 14 may be supported in a supine 
position on a table 20 and the patient’s respiration monitored 
using conventional respiration monitoring such as a chest 
cuff, displacement sensor, or spirometer. 

[0053] Alternatively, and as Will be described beloW, the 
patient’s respiration may be monitored With an improved 
respiration monitor. In this case, the patient is positioned so 
that a laser displacement sensor 22 (or other displacement 
sensors) may monitor respiratory motion of the patient’s 
chest. The patient 14 may further breathe through a spirom 
eter 24 measuring air?oW into and out of the patient’s lungs 
and the patient may Wear video glasses 26 to provide for 
feedback With respect to the patient’s breathing as Will be 
described. 

[0054] The signal from the spirometer 24 may be prepro 
cessed by an integrator 27 to provide a lung volume signal 
to a controlling computer 28 Which may alternatively 
receive the signal from the spirometer 24 directly and 
implement the integrator 27 internally. The computer 28 
may also receive a displacement signal from the laser 
displacement sensor 22 and may communicate With a con 
trol terminal 30 such as may include a video screen, key 
board, and mouse or the like. The computer 28 may further 
control delivery of radiation from the radiation source 12 
about the patient 14 and the intensity of the beamlets of the 
beam 16 by shutters or moving leaves according to methods 
Well knoWn in the art. In the case of an imaging system, the 
computer may collect the projections and perform a tomo 
graphic reconstruction. 

Development of an Accurate Respiration Signal 

[0055] Referring noW to FIG. 2, a typical lung volume 
signal 32 derived from spirometer 24 shoWs peaks 34 and 
troughs 36 corresponding, respectively, to full inspiration 
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and full expiration by the patient 14 during a regular 
breathing period 38. The present invention contemplates 
treatment of the patient 14 Without the need for breath 
holding, hoWever, the respiration signal developed for the 
present invention may also ?nd use With breath-hold pro 
tocols and therefore, the lung volume signal 32 during 
breath-hold is also shoWn. During the breath-hold, a plateau 
40 is created in the lung volume signal 32 re?ecting constant 
lung volume during this breath-hold period 41. 

[0056] The integration of the output of the spirometer 24 
to convert its ?oW signal (volume/time as a function of time) 
into a lung volume signal (volume as a function of time) may 
result in drift, as shoWn generally by the dotted trend line 42, 
caused by the integration over time of small offsets in the 
spirometer signal. Such baseline drift can be confusing to a 
patient 14 Who is attempting to match his or her breathing, 
as indicated by this drifting signal, to a standard breathing 
guiding pattern Which does not drift. 

[0057] Referring noW to FIG. 3, drift is largely absent 
from the laser chest displacement signal 44 Which does not 
employ the integrator required of the spirometer 24 but 
measures chest displacement directly. Generally, the breath 
ing period 38 of the laser chest displacement signal 44 Will 
match the breathing period 38 of the spirometer lung volume 
signal 32, but the laser chest displacement signal 44 provides 
a displacement output rather than an output of lung volume. 
Signal amplitude range variations due to daily setup varia 
tions cause deviations betWeen lung volume and chest 
displacement. Also, during the breath-hold period 41, the 
laser chest displacement signal 44 decays because of muscle 
relaxation despite the lack of change in lung volume. 

[0058] Referring noW to FIG. 4, during a single breathing 
period 38, there is strong correlation betWeen the lung 
volume signal 32 obtained from the spirometer 24 and the 
chest displacement signal 44 from the laser displacement 
sensor 22 as illustrated by correlation curve 46. The corre 
lation curve 46 plots the lung volume signal 32 on the 
vertical axis against chest displacement signal 44 on the 
horiZontal axis for one breathing period 38. The points of the 
correlation curve 46 may be ?t to a slope line 48 by a least 
square ?t or other techniques Wherein the slope of the slope 
line 48 provides the correlation betWeen the lung volume 
signal 32 and the chest displacement signal 44. Generally, 
the correlation curve 46 Will have some hysteresis meaning 
that the functional relationship betWeen lung volume and 
chest displacement as displacement increases is different 
from the functional relationship betWeen the lung volume 
and the chest displacement as displacement decreases. The 
correlation failure betWeen lung volume signal 32 and the 
chest displacement signal 44 during a breath-hold of breath 
hold period 41 is shoWn by a short ?at area in the correlation 
curve 46. 

[0059] Because of the drift noted in the lung volume trend 
line 42 noted above in FIG. 2, correlation curve 46 Will 
generally rise or fall over time preserving approximately the 
same shape and slope line 48. 

[0060] Referring noW to FIG. 5, a corrected respiration 
signal 50 may be obtained by using both the lung volume 
signal 32 and the chest displacement signal 44 to provide a 
corrected respiration signal 50 that is both relatively free 
from drift, calibrated in units of volume, and free from 
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breath-hold artifacts. This correction process may be imple 
mented by model 52 realized preferably as a program 
running in computer 28. 

[0061] In a ?rst embodiment, the model 52 receives the 
lung volume signal 32 and the chest displacement signal 44 
to deduce the slope of the slope line 48. The chest displace 
ment signal 44 is then scaled by the slope to translate the 
chest displacement into units of lung volume but Without 
drift as the corrected respiration signal 50. 

[0062] Referring noW to FIG. 6, When breath-hold mea 
surements are required, the model 52 may provide for 
breath-hold-detection to hold corrected respiration signal 50 
constant When a breath-hold is detected. In one embodiment, 
the breath-hold detection may monitor the laser chest dis 
placement signal 44. Breath-hold can be detected from the 
shape of the chest displacement signal 44 in Which the 
derivative of this signal changes abruptly at the beginning 
and ending of breath-hold or from spirometer signal 60 in 
Which the How reading is Zero during breath-hold. When a 
breath-hold is detected, the corrected respiration signal 50 is 
held to a constant value 58 until the breath-hold is over. Such 
a system may be used to eliminate the decay artifact of the 
laser chest displacement signal 44 during the breath-hold 
period 41. 

[0063] In a second embodiment, the correlation curve 46 
may be captured as a lookup table ?tted to a nonlinear 
equation and used to map arguments of the chest displace 
ment signal 44 to values of lung volume according to the 
function captured by the correlation curve 46. By detecting 
an instantaneous change in the input of the chest displace 
ment signal 44 and using the direction of this change to 
apply the chest displacement signal to either the upper or 
loWer portion of the correlation curve 46, respectively, a 
model 52 that accommodates hysteresis can be obtained. 
The use of correlation curve 46 to convert the chest dis 
placement signal 44 into values of lung volume effectively 
eliminates the decay artifact in the chest displacement signal 
44 because the ?at portion of the correlation curve 46 during 
breath-hold period 41 holds lung volume output constant 
during the breath-hold period 41. The correlation curve 46 
may be an average of a number of breathing periods 38 after 
baseline correction. 

[0064] Referring to FIG. 7, the lung volume signal 32 
from the spirometer 24 and the chest displacement signal 44 
from the laser displacement sensor 22 may also be used to 
correct the lung volume signal 32 to be the corrected 
respiration signal 50. In this case, the integrator 27 is 
preferably implemented Within the computer 28 so that the 
integration constant can be controlled directly. Per this 
correction process, a correction value is provided by con 
stant generator 64 at a regular period at a given phase in the 
respiration cycle as determined by the laser displacement 
sensor (as shoWn) or the spirometer 24. The correction value 
is preferably a stored sample of the lung volume signal 32 
at the given phase from an early time in the monitoring of 
respiration When the spirometer signal baseline drift is 
negligible. 

[0065] Thus, referring to FIG. 8, at the given phase of the 
breathing cycle, (for example, full eXpiration 36) the spirom 
eter lung volume signal 32 is recorded as reference reading 
31. The chest displacement signal 44 (not shoWn) may also 
be recorded to identify the given phase of the breathing 
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cycle. For later operation, When chest displacement signal 
44 reaches the same respiratory phase (amplitude) as the 
recorded point, the corrected respiration signal 50 is set back 
to the reference reading 31. In this Way, spirometer signal 
drift is corrected for every cycle and is thereby very small. 

[0066] Referring noW to FIG. 9, the corrected respiration 
signal 50 may be displayed to the patient 14 via the glasses 
26 together With a pre-established standard breathing guid 
ing pattern 66 preferably obtained from measurements both 
of the amplitude and periodicity of the patient’s ordinary 
respiration. In this case, the standard breathing guiding 
pattern 66 may be measured from the patient 14 using the 
techniques described above and the corrected respiration 
signals 50 during that measurement stored in computer 
memory. 

[0067] Referring to FIG. 10, the display 68 of the glasses 
26 may shoW to the patient a full cycle of the standard 
breathing guiding pattern 66 and a repeatedly draWn cor 
rected respiration signal 50 updated in real time With the 
horiZontal aXis scrolling from left to right. The patient 14, 
observing the corrected respiration signal 50 for his or her 
current breathing, and the standard breathing guiding pattern 
66, may be instructed to conform their breathing to the 
standard breathing guiding pattern 66. This ability to syn 
chroniZe the patient’s breathing With a stored pattern makes 
possible the preparation of a treatment plan that is keyed to 
the standard breathing guiding pattern 66 and Which may 
thus compensate for movement of a tumor in the lung or 
closely adjacent thereto. 

[0068] Whereas the present invention does not require 
breath-hold, the spirometer laser correction system of the 
present invention may also provide advantages When used in 
conventional breath-hold situations. Further, it Will be 
understood that the chest displacement signal 44 need not be 
a laser sensor, but other chest displacement methods includ 
ing other optical techniques, cuffs, and mechanical trans 
ducers may be used. 

Use With an Imaging System 

[0069] Many imaging modalities including X-ray tomog 
raphy and magnetic resonance imaging create images using 
a set of measurements acquired over a considerable length of 
time during Which regular physiological motion such as 
breathing may occur. These measurements Which may be 
X-ray projections or resonance signals acquired With a given 
set of magnetic gradients are mathematically combined to 
produce an image. Changes in the position of the tissue 
during this acquisition process may cause artifacts in the 
reconstructed images. The present invention may be used to 
provide a robust respiration signal that may be used to time 
or order acquisitions according to knoWn techniques to 
minimiZe or eliminate these artifacts. 

Radiation Therapy With Synchronized Breathing 

[0070] As Will be described in more detail beloW in the 
present invention, a treatment plan can be developed for 
controlling the intensity of the various rays of the radiation 
source 12 to treat tumor tissue on or near the patient’s lungs 
or other organ having predictable motion. The treatment 
plan Will be provided by the computer 28 Which Will 
coordinate operation of the radiation source 12 according to 
a respiration signal so as to treat the patient 14 during 



US 2004/0254492 A1 

movement of the tumor. During the treatment, the patient 14 
may observe a predetermined breathing guiding pattern 
through the glasses 26 to synchronize his or her breathing to 
a breathing guiding pattern used in preparation of the 
treatment plan. 

[0071] Referring noW to FIG. 11, in the ?rst step of 
preparing a treatment plan as indicated by process block 70, 
CT images are acquired at multiple phases of the patient’s 
normal breathing cycle. This can be achieved by instructing 
the patient to hold his or her breath at different breathing 
phases or by using a dynamic CT scan, a commercially 
available scanning protocol. The dynamic CT scan collects 
multiple CT images at different phases While a patient 
breathes normally during scanning. 

[0072] At process block 74 these multiple CT images are 
used to develop three dimensional displacement maps at 
different breathing phases. These displacement maps shoW 
displacement of the tissue from a base state (at a given 
respiration phase, preferably full expiration) and can be 
obtained by solid modeling or image registration methods. 

[0073] Referring to FIG. 5 in the solid modeling method, 
a lung surface 72 is extracted from the CT image of the lung 
at expiration using image segmentation and surface recon 
struction techniques Well knoWn in the art. This surface is 
used to generate a solid ?nite element model. The solid 
model is ?lled With tetrahedral elements 84 With nodes along 
the middle of each side of the tetrahedron. 

[0074] The surfaces of lung 76 and 80 at other phases are 
then extracted to form target surfaces Whose shape de?nes 
the space that the solid lung model can expand. 

[0075] The model of the lung surface 72 at full expiration 
may be loaded With a negative surface pressure so that it 
expands folloWing the normal physics of a solid material 
composed of a uniform isotropic substance assuming fric 
tionless contact betWeen the lung and the thoracic Wall. It is 
believed that such a modeling is appropriate for normal quiet 
breathing. 

[0076] The lung model expands until the space betWeen 
the lung model and target surface of the lung at the next 
phase of respiration is closed. A displacement map betWeen 
the tWo phases is then obtained by calculating the corre 
sponding nodal position difference before and after defor 
mation. This process is repeated on the lung surfaces at other 
breathing phases that CT images are acquired. Displacement 
maps of any other breathing phases can be interpolated from 
the results of the tWo closest phases. 

[0077] Image set 100 having multiple images at different 
breathing phases are then created, as indicated by block 78, 
by using the corresponding displacement map and 3D image 
Warping. 

[0078] At process block 82, each of the images of the 
image set 100 so created is linked to a respiration cycle angle 
R With the image of the image set 100 based on the full 
expiration lung representing a respiration cycle angle of R=0 
degrees and the image of the image set 100 based on the full 
inspiration lung image 80 representing a respiration cycle 
angle of R=180 degrees. The images of the image set 100 are 
preferably a registered respiration cycle angle determined 
from the corrected respiration signal 50 described above but 
may alternatively be registered to the lung volume signal 32 
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alone, the chest displacement signal 44 alone, or a breathing 
signal based on an internal marker position calculated from 
the internal marker position in the solid model. A time series 
of images that simulates patient’s breathing is thereby 
created. 

[0079] As indicated by process block 88, a dose map 94 
(shoWn in FIG. 13) indicating a desired radiation dose at 
different positions Within the patient With respect to the 
images for the expiration lung is created using tools and 
techniques knoWn in the art. 

[0080] With the knowledge of delivery-respiration phase 
correspondence, and the dose map 94, beamlet dose distri 
butions (a “treatment plan”) are calculated by using the 
images of the image set 100 at corresponding breathing 
phase per process block 90. 

[0081] This treatment plan may then be applied to the 
patient per process block 92. 

[0082] Referring noW to FIGS. 1 and 13, these registered 
images of the image set 100 may be used to generate a 
treatment plan that accommodates movement of lung and 
associated tissue per process block 90 through an iterative 
process. Generally, a treatment plan de?nes the intensity of 
multiple rays of the radiation beam 16 for different angles of 
the radiation source 12 about the patient. The intensities are 
selected so that the beams at the different angles add With 
high total intensity on the tumor and add With loW intensity 
on non-tumor tissue. 

[0083] As described above, a desired tissue dose map 94 
is created, for example, as Zones superimposed on the image 
of the expiration lung, each Zone mapping desired doses for 
different elements or node points of the image of the 
expiration lung. As is understood in the art, the process of 
determining a treatment plan 96 from a dose map 94 is 
extremely complex because of the interaction of the multiple 
rays at different angles. Accordingly, it is common to use an 
iterative process in Which a treatment plan 96 is iteratively 
adjusted according to one of a number of algorithms, for 
example, simulated annealing. At each stage of the adjust 
ment, the dose that Would result from the treatment plan 96 
is modeled per forWard model 98. This dose predicted by the 
forWard model 98 is then compared to the desired dose map 
94 and the error is used to further adjustment of the 
treatment plan 96. 

[0084] The present invention may be integrated into such 
iterative systems by simply modifying of the forWard model 
98 to re?ect anticipated changes in the lung during the 
treatment process as captured by the image set 100. 

[0085] For second generation IMRT, this may be accom 
plished by assuming that there is a ?xed relationship 
betWeen the angle of the radiation beam 16 and the phase of 
the breathing cycle. Thus, during modeling in the forWard 
model 98 of the dose, the dose is calculated on a different 
image of the image set 100 depending on the angle of the 
radiation beam 16 being considered. 

[0086] Referring noW to FIGS. 13, 14, and 15, the forWard 
model 98 may incorporate the expansion of the lung as a 
function of angle of the beam 16 in a number of Ways. In the 
preferred embodiment, the expansion of the lungs is accom 
modated by modeling the normally straight beamlets 102 of 
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beam 16 as curved beamlets 102‘ that folloW local tissue 
dislocations When the lung is expanded. 

[0087] Thus, as shoWn in FIG. 14, for a dose map 94 
based on the image set of the expiration lung, at a ?rst gantry 
angle 0=0, and for a respiration cycle angle of R=0, the 
beamlets 102 of the radiation beam 16 Will be modeled in 
dose map 94 as straight lines through the tissue of image of 
the expiration lung. 

[0088] In contrast as shoWn in FIG. 15, at a later gantry 
angle 0=45 degrees, at respiration cycle angle of R=180, the 
lung Will conform to the breathing phase associated With full 
inspiration. In this case, a curved beamlet 102 is used by the 
dose map 94 based on an expanded image of the image set 
100. The curved beamlet 102 alloWs correct dose placement 
to be accumulated on the image associated With full expi 
ration by remapping expansion of the tissue to curvature of 
the beamlet 102. Thus during expansion of the lung, the 
beamlet 102 curves inWard toWard the center re?ecting the 
fact that the tissue has in fact expanded relative to the image 
of the expiration lung used for tallying the total dose. 

[0089] The treatment plan 96 so generated Will differ from 
a normal treatment plan by describing the intensity of each 
ray as a function not only of delivery phase but also as a 
function of respiration cycle angle R. Thus during treatment 
With the treatment plan 96, the breathing of the patient must 
be synchroniZed With the delivery phase 0 and the assumed 
respiration cycle angle R of the treatment plan 96. 

[0090] Referring noW to FIG. 17, in a second generation 
IMRT machine, the radiation source 12 produces a radiation 
beam 16 comprised of a variety of different rays, each 
identi?ed from an angle from the center of the beam of (I). 
The treatment plan 96 Will include intensity values 116 for 
each of the rays 118 related to given gantry angles 120 and 
respiratory cycle angles 122. Generally, the mapping of 
respiration phase 122 to rotational gantry angle 120 Will be 
selected to accommodate the physical constraints of the 
radiation therapy system 10 in applying radiation and may 
include a 1:1 mapping in Which one 360 degree rotation of 
the radiation source 12 corresponds to a single breath cycle 
(360 degrees) or more typically, multiple breath cycles per 
each rotation of the gantry. 

[0091] For a ?rst generation IMRT system, the treatment 
plan 96 must be derived differently because the relationship 
betWeen delivery phase and breathing phase cannot be as 
accurately controlled because of mechanical limitations to 
leaf movement speeds. For this reason, the optimiZation 
process must include an additional level of iteration. 

[0092] In a ?rst step, a set of beamlet intensities is 
developed using the image at breathing phase R=0 for the 
several angles of treatment plan anticipated. This treatment 
plan is prepared using standard planning softWare for such 
?rst generation machines similar to that described With 
respect to FIG. 13. 

[0093] The necessary leaf motion sequence to produce the 
desired beamlet intensities is then calculated by the 
machine’s leaf motion sequence calculator to relate each 
beamlet intensity to a respiration phase that Would exist at 
the time of the exposure based on movement speed of the 
shutter and the respiration of the patient folloWing the 
standard breathing guiding pattern 66. Using these respira 
tion phases, the beamlets are curved, as described above, to 

Dec. 16, 2004 

re?ect the distortion of the tissue caused by respirations. The 
dose using the beamlet intensities is then recalculated using 
the curved beamlets. If the dose is Within a predetermined 
tolerance of the desired dose, the planning is complete. 
OtherWise, the intensities of the beamlets are adjusted using 
the process of FIG. 13. 

[0094] At the conclusion of this adjustment, the leaf 
motion sequence calculator is again used to determine actual 
respiration phase during the beam exposure and the beamlet 
curvatures are again adjusted. As before, the dose using the 
beamlet intensities is then recalculated using the neWly 
curved beamlets. If the dose is Within a predetermined 
tolerance of the desired dose, the planning is complete. 
OtherWise this process continues to repeat until the desired 
dose is obtained. 

[0095] Referring noW to FIGS. 1 and 16, once the treat 
ment plan 96 has been generated as described, the patient 14 
is placed in the radiation therapy machine 10 and the 
machine pre-positioned at a starting angle (e.g., 0=0). The 
patient 14 then is instructed to match his or her corrected 
respiration signal 50 With the standard breathing guiding 
pattern 66 described above With respect to FIG. 9 by 
Watching the display of FIG. 10 as indicated by process 
block 106. 

[0096] Once synchroniZation has been obtained, such as 
may be determined automatically by the equipment Watch 
ing the deviation betWeen corrected respiration signal 50 and 
breathing guiding pattern 66 of FIG. 3, and When the 
respiration cycle angle R of the breathing guiding pattern 66 
matches at the beginning respiration cycle angle R of the 
treatment plan 96, treatment delivery 96 is initiated. The 
treatment continues matching its respiration cycle angle (R) 
122 to the respiration cycle angle R of the breathing guiding 
pattern 66 and matching its delivery phase (0) to the delivery 
phase 0 in plan. In the simplest case, the rate of change of 
the delivery phase (0) Will be constant and synchroniZed 
With the time base of the breathing guiding pattern 66 and 
the corrected respiration signal 50 Will be recorded but does 
not modify the cycling through of the treatment plan 144. 
HoWever, it Will be understood that a simple modi?cation of 
this embodiment may alloW the delivery phase (0) to speed 
up or sloW doWn (together With the gantry in a second 
generation IMRT machine) to attempt to match changes in 
the respiration cycle angle R of the patient 14 as indicated 
by corrected respiration signal 50. 
[0097] It Will be understood that in the present invention, 
the patient may continue to breathe provided that the patient 
can control the relative phase of his or her breath. This 
procedure is much more readily tolerated than breath-hold 
procedures. 
[0098] In the present invention, the patient may need time 
to control his or her breathing to track a predetermined 
breathing schedule during treatment. Referring to FIGS. 18 
and 19, a portable patient breathing training system 130 may 
be used to help patients reduce tracking error. A simple 
respiratory motion tracking system comprises a pressure 
sensor 121 detecting abdomen motion. Signals 122 from the 
pressure sensor 121 are digitiZed by analog to digital con 
verter 124 and collected on a portable computer such as PDA 
126 or the like displaying a stored breathing guiding pattern 
66 per FIG. 10 as derived from the patient’s normal breath 
ing signal along With a respiration signal derived from the 
pressure sensor 121. 
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[0099] It is speci?cally intended that the present invention 
not be limited to the embodiments and illustrations con 
tained herein, but include modi?ed forms of those embodi 
ments including portions of the embodiments and combina 
tions of elements of different embodiments as come Within 
the scope of the following claims. 

We claim: 
1. A respiration monitor comprising: 

a spirometer adapted to receive air flow from a patient’s 
lungs With breathing to provide an air flow signal; 

a chest displacement sensor adapted to monitor displace 
ment of the patient’s chest With breathing to provide a 
chest displacement signal; and 

a calibration circuit receiving the air flow signal and the 
chest displacement signal to provide a corrected respi 
ration signal combining information from both the air 
flow signal and the chest displacement signal. 

2. The respiration monitor of claim 1 Wherein the cali 
bration circuit includes: 

an integrator receiving the air flow signal to produce a 
lung volume signal; and 

a baseline corrector receiving the lung volume signal and 
the chest displacement signal to correct an integration 
offset of the lung volume signal to produce the cor 
rected respiration signal based on the chest displace 
ment signal. 

3. The respiration monitor of claim 2 Wherein the correc 
tion of integration offset occurs periodically at a predeter 
mined phase of respiration by setting the lung volume signal 
equal to a stored calibration value. 

4. The respiration monitor of claim 3 Wherein the cali 
bration value is a previous value of the lung volume signal 
at the predetermined phase. 

5. The respiration monitor of claim 1 Wherein the cali 
bration circuit includes: 

an integrator receiving the air flow signal to produce a 
lung volume signal; and 

a model of the relationship betWeen lung volume and 
chest displacement signal, the model receiving the 
chest displacement signal to provide a lung volume 
signal as the corrected respiration signal. 

6. The respiration monitor of claim 5 Wherein the model 
is a linear function relating chest displacement signal to lung 
volume. 

7. The respiration monitor of claim 6 Wherein the model 
is a multiplier multiplying the chest displacement signal by 
a factor determined from a correlation betWeen the lung 
volume signal and the chest displacement signal to produce 
the corrected respiration signal. 

8. The respiration monitor of claim 5 Wherein the model 
is a non-linear function relating chest displacement signal to 
lung volume. 

9. The respiration monitor of claim 8 Wherein the model 
is a lookup table recording a relationship betWeen lung 
volume and chest displacement for at least one cycle of 
breathing, the lookup table receiving chest displacement 
signal to output the corrected respiration signal. 
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10. The respiration monitor of claim 5 Wherein the model 
provides a different functional relationship betWeen chest 
displacement signal and lung volume during inspiration and 
exhalation. 

11. The respiration monitor of claim 5 Wherein the model 
detects a breath-hold from the chest displacement signal and 
holds the corrected respiration signal constant until an end of 
the breath-hold. 

12. A radiation therapy system comprising: 

a respiration monitor providing: 

(i) a spirometer adapted to receive air flow from a 
patient’s lungs With breathing to provide an air flow 
signal; 

(ii) a laser displacement sensor adapted to monitor 
displacement of the patient’s chest With breathing to 
provide a chest displacement signal; and 

(iii) a calibration circuit receiving the air flow signal 
and the chest displacement signal to provide a cor 
rected respiration signal combining information 
from both the air flow signal and the chest displace 
ment signal; 

a controllable radiation source receiving the corrected 
respiration signal to control radiation delivered to a 
patient according to the respiration signal. 

13. A medical imaging system comprising: 

a respiration monitor providing: 

(i) a spirometer adapted to receive air flow from a 
patient’s lungs With breathing to provide an air flow 
signal; 

(ii) a laser displacement sensor adapted to monitor 
displacement of the patient’s chest With breathing to 
provide a chest displacement signal; and 

(iii) a calibration circuit receiving the air flow signal 
and the chest displacement signal to provide a cor 
rected respiration signal combining information 
from both the air flow signal and the chest displace 
ment signal; 

an imager receiving the corrected respiration signal and 
acquiring component image signals from a patient over 
different phases of respiration, and mathematically 
combining the component image signals according to 
phases of respiration When the component image sig 
nals Were acquired to produce a composite image. 

14. The respiration monitor of claim 1 further including a 
patient display displaying the corrected respiration signal to 
the patient. 

15. A method of generating a corrected respiration signal 
comprising the steps of: 

(a) monitoring a patient’s breathing With a spirometer 
adapted to receive air flow from a patient’s lungs to 
provide an air flow signal; 

(b) monitoring the patient’s breathing With a chest dis 
placement sensor adapted to monitor displacement of 
the patient’s chest With breathing to provide a chest 
displacement signal; and 

(c) combining the air flow signal and the chest displace 
ment signal to provide a corrected respiration signal. 
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16. The method of claim 15 including the steps of: 

integrating the air ?oW signal to produce a lung volume 
signal; and 

using the chest displacement signal to correct an integra 
tion offset of the lung volume signal to produce the 
corrected respiration signal. 

17. The method of claim 16 Wherein the correction of 
integration offset occurs periodically at a predetermined 
phase of respiration by setting the lung volume signal equal 
to a stored calibration value. 

18. The method of claim 17 Wherein the stored calibration 
value is a previous value of the lung volume signal at the 
predetermined phase. 

19. The method of claim 15 including the steps of: 

integrating the air ?oW signal to produce a lung volume 
signal; and 

applying the lung volume signal to a model of the 
relationship betWeen the lung volume and chest dis 
placement signals to provide a lung volume signal as 
the corrected respiration signal. 

20. The method of claim 19 Wherein the model is a linear 
function relating chest displacement signal to lung volume. 

21. The method of claim 20 Wherein the model is a 
multiplier multiplying the chest displacement signal by a 
factor determined from a correlation betWeen the lung 
volume signal and the chest displacement signal to produce 
the corrected respiration signal. 

22. The method of claim 19 Wherein the model is a 
non-linear function relating chest displacement signal to 
lung volume. 

23. The method of claim 22 Wherein the model is a lookup 
table recording a relationship betWeen lung volume and 
chest displacement for at least one cycle of breathing, the 
lookup table receiving chest displacement signal to output 
the corrected respiration signal. 

24. The method of claim 15 Wherein the model provides 
a different functional relationship betWeen chest displace 
ment signal and lung volume during inspiration and eXha 
lation. 
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25. The method of claim 15 Wherein the model detects a 
breath-hold from the chest displacement signal and holds the 
corrected respiration signal constant until an end of the 
breath-hold. 

26. A method of radiation therapy system comprising the 
steps of: 

(a) monitoring a patient’s breathing With a spirometer 
adapted to receive air ?oW from a patient’s lungs to 
provide an air ?oW signal; 

(b) monitoring the patient’s breathing With a chest dis 
placement sensor adapted to monitor displacement of 
the patient’s chest With breathing to provide a chest 
displacement signal; 

(c) combining the air ?oW signal and the chest displace 
ment signal to provide a corrected respiration signal; 
and 

(d) controlling radiation delivered to a patient according 
to the respiration signal. 

27. Amethod of medical imaging comprising the steps of: 

(a) monitoring a patient’s breathing With a spirometer 
adapted to receive air ?oW from a patient’s lungs to 
provide an air ?oW signal; 

(b) monitoring the patient’s breathing With a chest dis 
placement sensor adapted to monitor displacement of 
the patient’s chest With breathing to provide a chest 
displacement signal; and 

(c) combining the air ?oW signal and the chest displace 
ment signal to provide a corrected respiration signal; 

(d) acquiring component image signals from a patient 
over different phases of respiration; and 

(e) mathematically combining the component image sig 
nals according to phases of respiration When the com 
ponent image signals Were acquired to produce a com 
posite image. 


